Introduction evaluated by determining the abundance of individual tags and identifying the gene corresponding to It is by now axiomatic that the phenotype of an organism each tag. is largely determined by the genes expressed within it. These expressed genes can be represented by a "transcriptome" conveying the identity of each ex-
Genome-wide Expression
In order to maximize representation of genes involved pressed gene and its level of expression for a defined population of cells. Unlike the genome, which is essenin normal growth and cell-cycle progression, SAGE libraries were generated from yeast cells in three states: tially a static entity, the transcriptome can be modulated by both external and internal factors. The transcriptome log phase, S phase-arrested, and G2/M phase-arrested. In total, SAGE tags corresponding to 60,633 total tranthereby serves as a dynamic link between an organism's genome and its physical characteristics.
scripts were identified (including 20,184 from log phase, 20,034 from S phase-arrested, and 20,415 from G2/M The transcriptome, as defined above, has not been characterized in any eukaryotic or prokaryotic organism, phase-arrested cells). Of these tags, 56,291 tags (93%) precisely matched the yeast genome, 88 tags matched largely because of technological limitations. Some general features of gene expression patterns, however, the mitochondrial genome, and 91 tags matched the 2-micron plasmid. were elucidated two decades ago through RNA-DNA hybridization measurements (Bishop et al., 1974; Here- The number of SAGE tags required to define a yeast transcriptome depends on the confidence level desired ford and Rosbash, 1977) . In many organisms, it was thus found that at least three classes of transcripts could for detecting low abundance mRNA molecules. Assuming the previously derived estimate of 15,000 mRNA be identified with either high, medium, or low levels of expression, and the number of transcripts per cell was molecules per cell (Hereford and Rosbash, 1977) , 20,000 tags would represent a 1.3-fold coverage even for mRNA estimated (Lewin, 1980) . These data, of course, provided little information about the specific genes that were molecules present at a single copy per cell and would provide a 72% probability of detecting such transcripts members of each class. Data on the expression levels In applying SAGE to the analysis of yeast gene expression patterns, the 3Ј most NlaIII site was used to define a unique position in each transcript and to provide a site for ligation of a linker with a BsmFI site. The type IIs enzyme BsmFI, which cleaves a defined distance from its nonpalindromic recognition site, was then used to generate a 15 bp SAGE tag (designated by the black arrows), which includes the NlaIII site. Automated sequencing of concatenated SAGE tags allowed the routine identification of ‫0001ف‬ tags per sequencing gel. Once sequenced, the abundance of each SAGE tag was calculated, and each tag was used to search the entire yeast genome to identify its corresponding gene. The lower panel shows a small region of Chromosome 15. Gray arrows indicate all potential SAGE tags (NlaIII sites) and black arrows indicate 3Ј-most SAGE tags. The total number of tags observed for each potential tag is indicated above (ϩ strand) or below (Ϫ strand) the tag. As expected, the observed SAGE tags were associated with the 3Ј end of expressed genes.
(as determined by Monte Carlo simulations). Analysis of 20,184 tags from log phase cells identified 3,298 unique genes. As an independent confirmation of mRNA copy number per cell, we compared the expression level of SUP44/RPS4, one of the few genes whose absolute mRNA levels have been reliably determined by quantitative hybridization experiments (Iyer and Struhl, 1996) , with expression levels determined by SAGE. SUP44/ RPS4 was measured by hybridization at 75 Ϯ 10 copies per cell (Iyer and Struhl, 1996) , in good accord with the SAGE data of 63 copies/cell, suggesting that the estimate of 15,000 mRNA molecules per cell was reasonably accurate. Analysis of SAGE tags from S phasearrested and G2/M phase-arrested cells revealed similar expression levels for this gene (range 52-55 copies per cell), as well as for the vast majority of expressed genes. Since less than 1% of the genes were expressed at The transcript abundance is plotted in reverse order on the abscissa, whereas the fraction of total transcripts with at least that abundance is plotted on the ordinate. The dotted lines identify the three components of the curve, 1, 2, and 3. This is analogous to a Rot curve derived from reassociation kinetics where the product of initial RNA concentration and time is plotted on the abscissa, and the percent of labeled Figure 2 . Sampling of Yeast Gene Expression cDNA that hybridizes to excess mRNA is plotted on the ordinate. (B) Comparison of Virtual Rot and Rot Components. Transitions and Analysis of increasing amounts of ascertained tags reveals a plateau in the number of unique expressed genes. Triangles represent genes data from virtual Rot components were calculated from the data in Figure 3A , while data for Rot components were obtained from Herewith known functions, squares represent genes predicted on the basis of sequence information, and circles represent total genes.
ford and Rosbash, 1977. Analysis of ascertained tags at increasing increments the large number of genes predicted solely on the basis of genomic sequence analysis. revealed that the number of unique transcripts plateaued at ‫000,06ف‬ tags (Figure 2 ). This suggested that
The transcript expression per gene was observed to vary from 0.3 to over 200 copies per cell. Analysis of the generation of further SAGE tags would yield few additional genes, consistent with the fact that 60,000 trandistribution of gene expression levels revealed several abundance classes that were similar to those observed scripts represented a 4-fold redundancy for genes expressed as low as one transcript per cell. Likewise, in previous studies using reassociation kinetics. A "virtual Rot" of the genes observed by SAGE ( Figure 3A ) Monte Carlo simulations indicated that analysis of 60,000 tags would identify at least one tag for a given identified three main components of the transcriptome with abundances ranging over three orders of magnitranscript 97% of the time if its expression level was one copy per cell.
tude. A Rot curve derived from RNA-cDNA reassociation kinetics also contained three main components distribThe 56,291 tags that precisely matched the yeast genome represented 4,665 different genes. This number uted over a similar range of abundances (Hereford and Rosbash, 1977) . Although the kinetics of reassociation is in agreement with the estimate of 3,000-4,000 expressed genes obtained by RNA-DNA reassociation kiof a particular class of RNA and cDNA may be affected by numerous experimental variables, there were striking netics (Hereford and Rosbash, 1977) . These expressed genes included 85% of the genes with characterized similarities between Rot and virtual Rot analyses ( Figure  3B ). Because Rot analysis may not detect all transcripts functions (1981 of 2340) and 76% of the total genes Tag represents the 10 bp SAGE tag adjacent to the NlaIII site; Gene represents the gene or genes corresponding to a particular tag (multiple genes that match unique tags are from related families, with an average identity of 93%); Locus and Description denote the locus name and functional description of each ORF, respectively; Copies/cell represents the abundance of each transcript in the SAGE library, assuming 15,000 total transcripts per cell and 60,633 ascertained transcripts.
of low abundance (Lewin, 1980) , it is not surprising that tags per gene as compared with 12.4 tags per gene for nontelomeric regions (Figure 4 ). This is consistent with SAGE revealed both a larger total number of expressed genes and a higher fraction of the transcriptome belongthe previously described observations of telomeric silencing in yeast (Gottschling et al., 1990) . Recent studies ing to the low abundance transcript class.
have reported telomeric position effects as far as 4 kb from telomere ends (Renauld et al., 1993) .
Integration of Expression Information with the Genomic Map
The SAGE expression data were integrated with existing Gene Expression Patterns Table 1 lists the 30 most highly expressed genes, all of positional information to generate chromosomal expression maps (Figure 4 ). These maps were generated using which were expressed at greater than 60 mRNA copies per cell. As expected, these genes mostly corresponded the sequence of the yeast genome and the position coordinates of ORFs obtained from the Saccharomyces to well-characterized enzymes involved in energy metabolism and protein synthesis and were expressed at Genome Database. Although there were a few genes that were noted to be physically proximal and have simisimilar levels in all three growth states (examples in Figure 5 ). Some of these genes, including ENO2 (McAlislarly high levels of expression, there did not appear to be any clusters of particularly high or low expression ter and Holland, 1982), PDC1 (Schmitt et al., 1983) , PGK1 (Chambers et al., 1989) , PYK1 (Nishizawa et al., 1989 ), on any chromosome. Genes like histones H3 and H4, which are known to have coregulated divergent promotand ADH1 (Denis et al., 1983) , are known to be dramatically induced in the glucose-rich growth conditions used ers and are immediately adjacent on chromosome 14 (Smith and Murray, 1983) , had very similar expression in this study. In contrast, glucose-repressible genes such as the GAL1/GAL7/GAL10 cluster (St. John and levels (five and six copies per cell, respectively). The distribution of transcripts among the chromosomes sug- Davis, 1979) and GAL3 (Bajwa et al., 1988) were observed to be expressed at very low levels (0.3 or fewer gested that overall transcription was evenly dispersed, with total transcript levels being roughly linearly related copies per cell). As expected for the yeast strain used in this study, mating type a specific genes, such as the to chromosome size (r 2 ϭ 0.85, data not shown). Regions within 10 kb of telomeres, however, appeared to be a factor genes (MFA1, MFA2) (Michaelis and Herskowitz, 1988), and alpha factor receptor (STE2) (Burkholder and uniformly undertranscribed, containing on average 3.2 also identified greater than 9-fold elevation of the RNR2 and RNR4 transcripts ( Figure 5 ). Induction of these ribonucleoside reductase genes is likely to be due to the hydroxyurea treatment used to arrest cells in S phase (Elledge and Davis, 1989) . Likewise, comparison of G2/ M-arrested cells identified elevation of RBL2 and dynein light chain, both microtubule-associated proteins (Archer et al., 1995; Dick et al., 1996) . As with the RNR inductions, these elevated levels seem likely to be related to the nocodazole treatment used to arrest cells in the G2/M phase. While there were many relatively small differences between the states (for example, NORF1, Figure 5 ), overall comparison of the three states revealed surprisingly few dramatic differences; there were only 29 transcripts whose abundance varied more than 10-fold among the three different states analyzed. Tables including all SAGE tags and expression levels are available from the authors upon request.
Discussion
Analysis of a yeast transcriptome affords a unique view of the RNA components defining cellular life. We observed gene expression levels to vary over three orders of magnitude, with the transcripts involved in energy are consistent with previous qualitative data from reassociation kinetics, which suggested that the largest number of expressed genes were present at one or two copies per cell. These observations indicate that low Hartwell, 1985) were all observed to be expressed at significant levels (range 2-10 copies per cell), while mattranscript copy numbers are sufficient for gene expression in yeast and suggest that yeast possess a mechaing type alpha specific genes (MF␣1, MF␣2, STE3) (Kurjan and Herskowitz, 1982; Singh et al., 1983; Hagen et nism for rigid control of RNA abundance. The synthesis of chromosomal expression maps preal., 1986) were observed to be expressed at very low levels (Ͻ0.3 copies per cell).
sents a cataloging of the expression level of genes, organized by their genomic positions. It is not surprising Three of the highly expressed genes in Table 1 had not been previously characterized. One gene contained that gene expression is well-balanced throughout the 16 chromosomes of S. cerevisiae. Since most genes an ORF with predicted ribosomal function, previously identified only by genomic sequence analysis. Analyses have independent regulatory elements, it would have been surprising to find a large number of physically of all SAGE data suggested that there were 2684 such genes corresponding to uncharacterized ORFs that adjacent genes that had similar high levels of expression. Of the few genes that were known to have coreguwere transcribed at detectable levels. The 30 most abundant of these transcripts were observed more than 30 lated divergent promoters, like the H3/H4 pair, SAGE data confirmed concordant levels of expression. For times, corresponding to at least eight transcripts per cell ( Table 2 ). The other two highly expressed uncharacareas like telomere ends that are known to be transcriptionally suppressed, SAGE data corroborated low levels terized genes corresponded to ORFs not predicted by analysis of the yeast genome sequence. Analyses of of expression. Other expected expression patterns were observed, such as high levels of glucose-induced glyco-SAGE data suggested that there were approximately 160 Nonannotated ORF (NORF) genes transcribed at lytic enzymes, low levels of glucose-repressed GAL genes, expression of mating type a specific genes, and detectable levels. The 30 most abundant of these transcripts were observed at least nine times (Table 3 and low of expression of mating type alpha genes. Finally, identification of tags corresponding to NORF genes sugexamples in Figure 5) .
Interestingly, one of the NORF genes (NORF5) was gests that there is a significant number of small proteins encoded by the yeast genome that were undetected by only expressed in S phase-arrested cells and corresponded to the transcript whose abundance varied the the criteria used for systematic sequence analysis. The yeast genome sequence has been annotated for all most in the three states analyzed (Ͼ49-fold, Figure 5 ).
Comparison of S phase-arrested cells to the other states
ORFs larger than 300 bp (encoding proteins 100 amino acids or greater). Genes encoding proteins below this transcripts found at least as frequently as 0.3 copies per cell. Transcripts expressed in only a minute fraction cutoff are therefore commonly unannotated. This class of genes might also be underrepresented in mutational of the cell cycle, or transcripts expressed in only a fraction of the cell population, would not be reliably detected collections because of the small target size for mutagenesis and, given their small size, may encode proteins by our analysis. Finally, mRNA sequence data are practically unavailable for yeast. Consequently, some SAGE with novel functions. The systematic knockout of these NORF genes will therefore be of great interest.
tags cannot be unambiguously matched to corresponding genes. Tags that were derived from overlapping Comparison of gene expression patterns from altered physiologic states can provide insight into genes that genes or genes that have unusually long 3Ј untranslated regions may be misassigned. Increased availability of are important in a variety of processes. Comparison of transcriptomes from a variety of physiologic states 3Ј UTR sequences in yeast mRNA molecules should help to resolve the ambiguities. should provide a minimum set of genes whose expression is required for normal vegetative growth and anDespite these potential limitations, it is clear that the analyses described here furnish both global and local other set composed of genes that will be expressed only in response to specific environmental stimuli or pictures of gene expression precisely defined at the nucleotide level. These data, like the sequence of the during specialized processes. For example, recent work has defined a minimal set of 250 genes required for yeast genome itself, provide simple, basic information integral to the interpretation of many experiments in the prokaryotic cellular life (Mushegian and Koonin, 1996) . Examination of the yeast genome readily identified hofuture. The availability of mRNA sequence information from EST sequencing, as well as various genome projmologous genes for 196 of these, over 90% of which were observed to be expressed in the SAGE analysis.
ects, will soon allow definition of transcriptomes from a variety of organisms, including human. The data reDetailed analyses of yeast transcriptomes, as well as transcriptomes from other organisms, should ultimately corded here suggest that a reasonably complete picture of a human cell transcriptome will require only about allow the generation of a minimal set of genes required for eukaryotic life.
10-to 20-fold more tags than evaluated here, a number well within the practical realm achievable with a small Like other genome-wide analyses, SAGE analysis of yeast transcriptomes has several potential limitations.
number of automated sequencers. The analysis of global expression patterns in higher eukaryotes is expected, First, a small number of transcripts would be expected to lack an NlaIII site and therefore would not be detected in general, to be similar to those reported here for S. cerevisiae. However, the analysis of the transcriptome by our analysis. Second, our analysis was limited to TTCGTTCACT  NORF1  94  4  1489450  198  GCTCTCCCCC  NORF2  73  16  75633  243  TGTACGCATT  NORF3  16  15  301251  189  TTTTATTATC  NORF4  15  6  223182  177  CTTCTCTTTT  NORF5  12  13  158973  204  TTTCCTATAA  NORF6  11  13  511754  252  TCTAGTCGCC  NORF7  10  12  669659  192  ATCGTTTTAT  NORF8  8  15  877140  174  GGCCAATGGT  NORF9  8  4  1202289  267  ACCCTGTCAT  NORF10  7  2  418633  255  AAAAGATCAT  NORF11  7  4  1489453  87  CAGAAAATGG  NORF12  6  8  115655  279  TGACATTCTT  NORF13  6  16  883669  183  TAGACATCTA  NORF14  6  2  491117  141  TGCCCTGGCC  NORF15  5  5  166452  216  GGTTTTGGCG  NORF16  4  3  24169  291  CCATACAGGT  NORF17  4  12  673851  114  CCAAATCAAA  NORF18  3  4  229494  258  AAGCGGTACT  NORF19  3  9  47889  399  AACGCTTTTC  NORF20  3  2  351456  198  GAGGATAGAG  NORF21  3  2  356201  240  CAATGAACCG  NORF22  3  16  75541  243  TCTTTATATA  NORF23  3  1  73363  90  CGCCTCCAGT  NORF24  3  7  485774  108  TACGTAAGTT  NORF25  3  10  156139  81  GATTTAAACT  NORF26  3  15  254749  93  GCGCCTCCAA  NORF27  2  5  42622  222  CAATGGCCCA  NORF28  2  13  511751  78  TTGAGGAACG  NORF29  2  3  154681  264  GCTAAGAACC  NORF30  2  4  302607  204 SAGE Tag, Locus, and Copies/cell are the same as for Table 1 ; Chr and Tag Pos denote the chromosome and position of each tag; ORF Size denotes the size of the ORF corresponding to the indicated tag. In each case, the tag was located within or less than 250 bp 3Ј of the NORF. yield a wealth of information regarding gene function in
Since NlaIII sites were observed to occur once every 309 bp in normal, developmental, and disease states.
three arbitrarily chosen yeast chromosomes (1, 5, 10), 95% of yeast transcripts were predicted to be detectable with a NlaIII-based Experimental Procedures SAGE approach. After capture of the 3Ј cDNA fragments on streptavidin-coated magnetic beads (Dynal), the bound cDNA was divided Yeast Cell Culture into two pools, and one of the following linkers containing recogniThe source of transcripts for all experiments was S. cerevisiae strain tion sites for BsmFI was ligated to each pool: linker 1, 5Ј-TTTGGATTT YPH499 (MATa ura3-52 lys2-801 ade2-101 leu2-⌬1 his3-⌬200 trp1-GCTGGTGCAGTACAACTAGGCTTAATAGGGACATG-3Ј, 5Ј-TCCCT ⌬63) (Sikorski and Hieter, 1989) . Logarithmically growing cells were ATTAAGCCTAGTTGTACTGCACCAGCAAATCC[amino mod. C7]-3Ј; obtained by growing yeast cells to early log phase (3 ϫ 10 6 cells/ linker 2, 5Ј-TTTCTGCTCGAATTCAAGCTTCTAACGATGTACGGGG ml) in YPD (Rose et al., 1990 ) rich medium (YPD supplemented with ACATG-3Ј 5Ј-TCCCCGTACATCGTTAGAAGCTTGAATTCGAGCAG 6 mM uracil, 4.8 mM adenine, and 24 mM tryptophan) at 30ЊC. For [amino mod. C7]-3Ј. arrest in the G1/S phase of the cell cycle, hydroxyurea (0.1 M) was Since BsmFI (Tagging Enzyme) cleaves 14 bp away from its recogadded to early log phase cells, and the culture was incubated an nition site, and the NlaIII site overlaps the BsmFI site by 1 bp, a 15 additional 3.5 hr at 30ЊC. For arrest in the G2/M phase of the cell bp SAGE tag was released with BsmFI. SAGE tag overhangs were cycle, nocodazole (15 g/ml) was added to early log phase cells, filled in with Klenow, and tags from the two pools were combined and the culture was incubated for an additional 100 min at 30ЊC. and ligated to each other. The ligation product was diluted and then Harvested cells were washed once with water prior to freezing at amplified with PCR for 28 cycles with 5Ј-GGATTTGCTGGTGCAGT Ϫ70ЊC. The growth states of the harvested cells were confirmed by ACA-3Ј and 5Ј-CTGCTCGAATTCAAGCTTCT-3Ј as primers. The PCR microscopic and flow-cytometric analyses (Basrai et al., 1996) . product was analyzed by polyacrylamide gel electrophoresis (PAGE), and the PCR product containing two tags ligated tail to tail RNA Isolation and Northern Blot Analysis (ditag) was excised. The PCR product was then cleaved with NlaIII, Total yeast RNA was prepared using the hot phenol method as and the band containing the ditags was excised and self-ligated. described (Leeds et al., 1991) . mRNA was obtained using the MesAfter ligation, the concatenated products were separated by PAGE sageMaker Kit (GIBCO/BRL) following the manufacturer's protocol.
and products between 500 bp and 2 kb were excised. These prodNorthern blot analysis was performed as described (El-Deiry et al., ucts were cloned into the SphI site of pZero (Invitrogen). Colonies 1993) using probes PCR amplified from yeast genomic DNA.
were screened for inserts by PCR with M13 forward and M13 reverse sequences located outside the cloning site as primers.
SAGE Protocol
PCR products from selected clones were sequenced with the The SAGE method was performed as previously described (VelTaqFS DyePrimer kits (Perkin Elmer) and analyzed using a 377 ABI culescu et al., 1995) , with exceptions noted below. PolyA RNA was automated sequencer (Perkin Elmer), following the manufacturer's protocol. Each successful sequencing reaction identified an average converted to double-stranded cDNA with a BRL synthesis kit using of 26 tags; given a 90% sequencing reaction success rate, this Bajwa, W., Torchia, T.E., and Hopper, J.E. (1988) . Yeast regulatory corresponded to an average of about 850 tags per sequencing gel.
gene GAL3: carbon regulation; UASGal elements in common with GAL1, GAL2, GAL7, GAL10, GAL80, and MEL1; encoded protein SAGE Data Analysis strikingly similar to yeast and Escherichia coli galactokinases. Mol. Sequence files were analyzed by means of the SAGE program group Cell. Biol. 8, 3439-3447. (Velculescu et al., 1995) , which identifies the anchoring enzyme site Basrai, M.A., Kingsbury, J., Koshland, D., Spencer, F., and Hieter, P. with the proper spacing, extracts the two intervening tags, and (1996) . Faithful chromosome transmission requires Spt4p, a putative records them in a database. The 68,691 tags obtained contained regulator of chromatin structure in Saccharomyces cerevisiae. Mol. 62,965 tags from unique ditags and 5,726 tags from repeated ditags.
Cell. Biol. 16, 2838-2847. The latter tags were counted only once to eliminate potential PCR Bishop, J.O., Morton, J.G., Rosbash, M., and Richardson, M. (1974) . bias of the quantitation, as described (Velculescu et al., 1995 (1990) . Position effect at S. cerevisiae telomeres: reversible represAugust 14, 1996). ORFs were considered genes with known functions if they were associated with a three-letter gene name, while sion of Pol II transcription. Cell 63, 751-762. ORFs without such designations were considered uncharacterized.
Hagen, D.C., McCaffrey, G., and Sprague, G.F., Jr. (1986) . Evidence As expected, SAGE tags matched transcribed portions of the the yeast STE3 gene encodes a receptor for the peptide pheromone genome in a highly nonrandom fashion, with 88% matching ORFs a factor: gene sequence and implications for the structure of the or their adjacent 3Ј regions in the correct orientation (chi-squared presumed receptor. Proc. Natl. Acad. Sci. USA 83, 1418-1422. P value Ͻ 10 Ϫ30 ). In instances when more than one tag matched a Hereford, L.M., and Rosbash, M. (1977) . Number and distribution of particular ORF in the correct orientation, the abundance was calcupolyadenylated RNA sequences in yeast. Cell 10, 453-462. lated to be the sum of the matched tags (for Figures 2-4) . Tags that matched ORFs in the incorrect orientation were not used in Irniger, S., and Braus, G.H. (1994) . Saturation mutagenesis of a abundance calculations. In instances when a tag matched more polyadenylation signal reveals a hexanucleotide element essential than one region of the genome (for example, an ORF and non-ORF for mRNA 3Ј end formation in Saccharomyces cerevisiae. Proc. Natl. region), only the matched ORF was considered. In some cases, the Acad. Sci. USA 91, 257-261. 15th base of the tag could also be used to resolve ambiguities. For Iyer, V., and Struhl, K. (1996) . Absolute mRNA levels and transcrip- Figure 4 , only tags that matched the genome once were used. tional initiation rates in Saccharomyces cerevisiae. Proc. Natl. Acad. For the identification of NORF genes, only tags were considered Sci. USA 93, 5208-5212. that matched portions of the genome that were further than 500 bp Kurjan, J., and Herskowitz, I. (1982) . Structure of a yeast pheromone 3Ј of a previously identified ORF and were observed at least two times in the SAGE libraries.
gene (MF alpha): a putative alpha-factor precursor contains four tandem copies of mature alpha-factor. Cell 30, 933-943.
